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Studies were conducted in the field from 2020-2021 in peanut and cotton to optimize
peanut growth and yield through prohexadione calcium application methods as well as weed
control through increasing herbicide sites of action. These studies were established on multiple
on-farm and small-plot locations in Mississippi. Prohexadione calcium studies concluded that
following application of prohexadione calcium effects on yield and peanut growth were
inconsistent. Neither varying application timing nor rate resulted in peanut yield that was
different than when adhering to the label recommendations. Increasing sites of action studies
concluded that broadleaf signalgrass and Amaranthus species control was optimized at four
SOAs and two SOAs, respectively. Based on this study, the current recommendation of
additional SOAs will not result in increased weed control.
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CHAPTER I
THE EFFECTS OF PROHEXADIONE CALCIUM APPLICATION TIMIMING ON PEANUT
(ARACHIS HYPOGAEA L.) GROWTH AND YIELD
Abstract
Excessive vegetative growth in peanut can lead to decreased reproductive growth and
harvest efficiency. Peanut vegetative growth is often managed with the plant growth regulator
prohexadione calcium. Although application of prohexadione calcium is recommended at 50%
and 100% of leaves touching in the row middles, research on the optimal application timing and
rate has been minimal. The objective of this research was to evaluate the effect of prohexadione
calcium application timing and rate based on percent canopy closure. Experiments were
conducted at 6 different sites in Mississippi over 2 years. Treatments in 2020 included multiple
prohexadione calcium application timings including one application at 50% CC + one
application at 100% CC (recommended by product label), and two applications in one week at
100% CC. In 2020, all prohexadione calcium applications were made at 140 g a.i./ha. Treatments
in 2021 included application timings at 50% and 100% CC and multiple application rates at each
timing including at 70 g a.i./ha, 140 g a.i./ha, and 280 g a.i./ha. Peanut response was evaluated
based on pod weight, pod count, dry plant weight, pod loss, and peanut yield. Peanut yield
ranged from 6200 kg ha-1 to 7300 kg ha-1. Overall, pod yields from all treatments were similar to
those following applications at the recommended timing application of prohexadione calcium.
However, pod yield response following prohexadione application compared to the untreated
1

check was inconsistent. Therefore, prohexadione calcium application timings and rates are likely
more flexible than the labelled recommendation and growers can adapt applications to fit
environmental conditions and management style.
Introduction
Peanut (Arachis hypogaea L.) is an important food and oil crop in Mississippi (MS) and
the United States (U.S.). Approximately 8,900 and 670,00 hectares of peanut were harvested in
MS and the U.S., respectively, in 2020 (USDA NASS, 2021). Mississippi ranked 7th out of the
13 peanut producing states in total production in 2020 (USDA FAS, 2021). The U.S. is ranked
4th in peanut production worldwide at 2,900,000 metric tons in 2020 (USDA NASS, 2021;
USDA FAS, 2021). Total production can be divided into four different market types of peanut.
Virginia types comprise approximately 15% of the U.S. crop while Spanish and Valencia types
account for approximately 5% of the U.S. crop (Boote, 1982 USDA NASS, 2021). Runner type
peanut accounts for approximately 80% of the U.S. market (Boote, 1982 USDA NASS, 2021;
Putnam et al., 1991).
During the 130 to 160 days after planting needed for runner types to reach harvest
maturity (Putnam et al., 1991; Boote, 1982), peanut is prone to excessive vegetative growth.
Peanut produces more vegetative growth than required for maximum pod yield (Mitchem et al.,
1996). Excessive vegetative growth can increase likelihood of disease occurrence and severity
due to increased humidity beneath the canopy (Beam et al., 2002; Culpepper et al., 1997; Jordan
et al., 2008; Studstill, et al., 2020; Wu and Santelman, 1977). Excessive vegetative growth can
also have increase damage from equipment during mid- or late-season chemical applications.
Reduced digging and harvest efficiency is an additional consequence of excessive vegetative
growth often attributed to decreased row visibility (Beam et al., 2002; Culpepper et al., 1997;
2

Jordan et al., 2008; Studstill, et al., 2020; Wu and Santelman, 1977). Therefore, plant growth
regulators have been applied to reduce the negative effects of excessive vegetative growth in
peanut for the past 40 years (Beam et al., 2002; Brown and Ethredge, 1974).
Historically, daminozide was applied to peanut to decrease internode length (Beam et al.,
2002; Brown and Ethredge, 1974). Brown and Ethredge (1974) observed increased pods per
plant and enhanced row visibility when daminozide was utilized. Although daminozide
application enhanced row visibility, further research documented inconsistent pod yield and
growth response, and product registration was cancelled in 1988 due to health concerns from
consumers (Beam et al., 2002; Culpepper et al., 1997; Mitchem et al., 1996). In early 2000,
prohexadione calcium was identified and developed as a suitable alternative to daminozide
(Studstill et al., 2020). In comparative studies, peanut growth and yield responded similarly to
both prohexadione calcium and daminozide application (Culpepper et al., 1997; Mitchem et al.,
1996).
Prohexadione calcium is a plant growth regulator commonly used in apple (Malus
domestica Borkh.), grain sorghum [Sorghum bicolor (L.) Moench], oilseed rape (Brassica napus
L.), peanut, rice (Oryza sativa L.), tomato (Solanum lycopersicum L.), and wheat (Triticum
aestivum L.) to decrease vegetative growth and promote reproductive growth (Grossman et al.,
1994; Mitchem et al.1996; Studstill, et al., 2020). Prohexadione calcium decreases vegetative
growth by affecting gibberellin biosynthesis by blocking kaurene oxidase (Nakayama et al.,
1990a; Nakayama et al., 1990b; Nakayama et al., 1991). Promotion of reproductive growth is
attributed to increased abscisic acid and cytokinin levels (Grossman et al., 1994; Studstill et al.,
2020).
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The effects of prohexadione calcium application on peanut have been documented in
several studies. Prohexadione calcium application resulted in increased row visibility, increased
overall pod maturity, decreased pod loss, and increased yield (Beam et al., 2002; Jordan et al.,
2001; Jordan et al., 2008; Mitchem et al., 1996; Studstill et al¸ 2020). Studstill et al. (2020)
found that, when compared to yields following prohexadione calcium application at 50% lateral
vines touching (VT) and application at 100% VT at 140 g a.i./ha (7,600 kg/ha), reduced
application rates (70 g a.i./ ha) of did not decrease yield (7,500 kg/ha). While these studies
elucidated the benefits of prohexadione calcium application, few studies were conducted using
runner type peanut which is the most common type grown in the United States. Mitchem et al.
(1996) observed increased yield only when specific application timings were utilized. However,
supplemental research regarding the effects of alternate prohexadione calcium application
timings on runner type peanut growth and yield is lacking.
The prohexadione calcium product label recommends application of 140 g a.i./ha at both
50% CC and 100% CC, i.e., 50% and 100% lateral vines touching, respectively. Environmental
condition and management strategy may prevent application of prohexadione calcium at these
precise timings. Runner-type peanut growers have little information on the implications of
applying prehexadione calcium at timings and rates that deviate from the labelled
recommendation. Therefore, the objectives of this research are to determine if applying
prohexadione calcium to peanut at timings and rates that differ from the labelled
recommendation will affect runner-type peanut growth and yield.
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Materials and Methods
Research was conducted in 2020 and 2021 at multiple on-farm locations in Mississippi.
In 2020, the effect of prohexadione calcium application timing was investigated, while in 2021,
both prohexadione calcium application timing and rate were investigated. In each year, three
locations were included in the studies (Table 1). Treatments and dates for planting, prohexadione
calcium applications, digging, and harvest in 2020 and 2021 are given in Tables 2 and 3,
respectively. Prohexadione calcium (Apogee® 27.5 WDG, BASF Corp., 26 David Dr., Research
Triangle Park, NC 27709 or Kudos® 27.5 WDG, Fine-Americas, 1850 Mt. Diablo Blvd., Walnut
Creek, CA 94596) treatments were applied with a surfactant blend plus urea ammonium nitrate
at 1% v/v (Dyne-A-Pak, Helena Agri-Enterprises, 225 Schilling Boulevard, Suite 300,
Collierville, TN 38017). All treatments in 2020 were applied with a tractor-mounted roller, pump
sprayer utilizing ULD 120025 nozzles (Pentair Hypro, 375 5th AVE. NW, New Brighton, MN
55112), whereas all treatments in 2021 were applied with a Mudmaster TM sprayer (Bowman
Manufacturing Co., 2450 Jackson City Rd. 36, Newport, AR 72112) equipped with a hydraulic
roller-pump utilizing ULD 120025 nozzles.
Peanut at all locations and years were grown under dryland conditions and peanut variety
Georgia-06G was seeded at 20 seeds/m at a depth of 4 to 6 cm. All sprayers were calibrated to
deliver 187 L/ha at 276 kPa. Treatments were arranged in a randomized complete block design
with three replications per location. Agronomic practices including fertilization, irrigation, and
pest management were determined by each grower of each location per local recommendations.
Application timings were determined by utilizing images from Canopeo (Oklahoma State
University, Stillwater, OK) which uses true color images that convert all green reflectance to
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white and all other light reflectance to black and the percent white to black is calculated
(Patrignani and Ochsner, 2015).
Above and below ground peanut biomass samples were collected after digging
from a one meter length of row from each plot and then dried in a forced air dryer at 65ºC for
one week. Total plant weight, pod weight, and pod count data were collected from these samples.
Pod loss data were collected from one m2 within each plot. Peanut plants were machine dug and
inverted at all locations. After digging, pods were machine harvested with Amadas Industries
AR2200 and M2120 at Cruger, Tchula, Carlisle, and Port Gibson locations and Amadas
Industries A-9990 at Hamilton and Smithville locations.
Multiple environment trials were used in this experiment to evaluate treatment effects
over a broad spectrum, and data for all parameters are presented as treatment means pooled over
environment (Buol, et al., 2019; Blouin, et al., 2011). All data were subjected to analysis of
variance using PROC GLIMMIX in SAS 9.4. and means were separated using Fisher’s protected
least significant difference (LSD) at α=0.05 where location was a random effect.
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Table 1

Year

2020

2021

Location, soil series and texture, row spacing, and treatment area for peanut experiments investigating the effect of
prohexadione calcium application timing in 2020 and the effect of prohexadione calcium application timing and rate in
2021.
Location

Coordinates
Latitude

Longitude

Cruger

33°18'08.4"N

90°09'58.5"W

Carlisle

32°01'01.4"N

90°46'59.0"W

Hamilton

33°46'57.0"N

88°27'50.5"W

Tchula

33°09'04.3"N

90°12'09.8"W

Smithville

34°03'35.3"N

88°24'47.9"W

Port Gibson

31°55'12.8"N

90°56'56.0"W

Soil Series and
Texture
Collins silt
loam
Calloway silt
loam
Prentiss fine
sandy loam
Morganfield silt
loam
Savannah fine
sandy loam
Loring and
Memphis silt
loam
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Row
Spacing
cm

Treatment Area
ha

97

0.32

97

0.21

92

0.20

97

0.13

92

0.11

97

0.08

Table 2

Planting dates, application dates, digging dates, and harvest dates in Mississippi in
2020.

Planting Date
Application Datea
50% canopy closure + 100%
canopy closureb
One week before 50% canopy
closure + one week after 100%
canopy closure
One week before 50% canopy
closure + one week before
100% canopy closure
Two applications in one week
at 100% canopy closure

Carlisle
04 May

Location
Cruger
27 April

Hamilton
02 April

29 June and 9
July

29 June and 13
July

29 June and 13
July

22 June and 20
July

22 June and 20
July

22 June and 21
July

22 June and 2
July

22 June and 6
July

22 June and 6
July

13 July and 17
July

13 July and 17
July

9 July and 14
July

Digging Date
15 September
17 September
06 October
Harvest Date
02 October
01 October
19 October
a
Means within a column followed by the same letter are not significantly different from each
other according Fisher's protected LSD test at P ≤ 0.05
b
Labeled application timing for prohexadione calcium

8

Table 3

Planting dates, application dates, digging dates, and harvest dates in Mississippi in
2021.

Port Gibson
03 May

Location
Smithville
24 May

Tchula
25 May

Planting Date
Application Datea
50% canopy closure + 100%
30 June and 10
14 July and 24
30 June and 10
a
canopy closure
August
August
August
70 g a.i./ha at 50% canopy
30 June
14 July
30 June
closure
140 g a.i. at 100% canopy
10 August
24 August
10 August
closure
280 g a.i. at 100% canopy
10 August
24 August
10 August
closure
Two applications in one week
10 August and
24 August and 26
10 August and
at 100% canopy closure
12 August
August
12 August
Digging Date
11 October
13 October
11 October
Harvest Date
26 October
22 October
14 October
* Untreated check
** Labeled recommendation
a
Means within the same column followed by the same letter are not significantly different (α ≤
0.05)
Results and Discussion
The objectives of this research were to determine if applying prohexadione calcium to
peanut at timings and rates that differ from the labelled recommendation will affect runner-type
peanut growth and yield. In 2020, altering application timings did not affect yield relative to the
labelled recommendation timing of 50% CC followed by 100% CC (Table 4). In 2021, altering
application timing and/or rate did not affect peanut yield relative to the labelled recommendation
(Table 5). Applying prohexadione calcium improved yield relative to the non-treated control in
only one treatment in 2020, two applications in one week at 100% CC, whereas no application of
prohexadione calcium had different yield than the non-treated in 2021.
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Prohexadione Application Timing Experiment – 2020
In 2020, prohexadione calcium application timing had an effect on peanut yield, but not
on the measured growth parameters of plant weight, pod loss, pod weight/plant, or pod count
(Table 4). Varying prohexadione calcium application timing from the labelled recommendation
did not affect peanut yield. Surprisingly, prohexadione calcium application did not always
improve yield relative to the non-treated control. Peanut yield when prohexadione calcium was
applied at the labelled recommendation did not differ from the non-treated control. Applying
prohexadione calcium twice in one week at 100% CC was the only application timing to improve
peanut yield relative to not applying the plant growth regulator. Similar results were observed
when varying the timing and rate of prohexadione calcium in 2021.
Prohexadione Application Timing and Rate Experiment – 2021
In 2021, prohexadione calcium application affected peanut yield and pod count, but had
no effect on plant weight, pod loss, or pod weight/plant (Table 5). No prohexadione calcium
application timing or rate resulted in different peanut yield than the recommended timing and
rate of 140 g a.i. applied at 50% CC followed by 140 g a.i. at 100% CC. Similarly, applying
prohexadione calcium did not affect yield relative to the non-treated control. The only difference
in peanut yield among treatments was that a single 140 g a.i. application of prohexadione
calcium at 100% CC had greater yield than either a single application of 280 g a.i. prohexadione
calcium at 100% CC or two applications of 140 g a.i. within one week at 100% CC. Two
applications of 140 g a.i. prohexadione calcium decreased pod count relative to the labelled
recommendation; however, no other timing or rate variation had an effect on pod count or other
measured growth parameter.
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These results deviate slightly from other literature that has investigated prohexadione
calcium application effect on peanut yield. Regardless of rate or timing, prohexadione calcium
application generally improves peanut yield from 5 to 10% (Beam et al., 2008; Culpepper et al.,
1997; Jordan et al., 2002; Mitchem et al., 1996; Monfort et al., 2021; Studstill et al., 2020).
Likewise, a decrease in pod loss has been observed following prohexadione calcium application
(Beam et al., 2002). Conversely, Mitchem et al. (1996) reported that a single application of 280 g
a.i. prohexadione calcium at row closure reduced yield.
This research suggests that prohexadione calcium application to runner-type peanut is
more flexible than a strict adherence to the label. The timing study in 2020 indicates that
applying prohexadione calcium twice at a rate of 140 g a.i. from one week before 50% CC to one
week after 100% CC will likely maintain peanut yield relative to the labelled recommendation.
Similarly, applying from one-half to twice the labelled application rate of 140 g a.i. did not affect
peanut yield in 2021. Therefore, peanut growers appear to have more flexibility in prohexadione
calcium application timing to adapt to environmental conditions or management strategy.
The objective of this research was to evaluate the effect of prohexadione calcium
application timing and rate on peanut growth and yield. Following prohexadione calcium
application, plant weight ranged from 46 to 69 g per plant, pod loss ranged from 3.9 to 6.5
pods/m2, pod weight ranged from 23 to 34 g per plant, pod count ranged from 16 to 26 g/plant
(Tables 3 and 4). Peanut yield following application of prohexadione calcium at all timings
ranged from 6200 to 7300 kg/ha (Tables 3 and 4).
In 2020, prohexadione calcium application timing had no effect on plant weight (54-69g),
pod loss/m2 (5.1-6.5), pod weight per plant (27-34g), or pod count per plant (21-26). Following
two applications of prohexadione calcium in one week at 100% CC at 140 g a.i./ ha , peanut yield
11

was 6900 kg/ha, which was greater than that of the UTC and one application one week before
50% CC followed by one application one week after 100% CC (Table 4). Prohexadione
applications made one week before 50% CC followed by one week before 100% CC resulted in
an average yield of 6700 kg ha-1 which was similar to that of the recommended prohexadione
calcium application timing of one application at 50% CC followed by one application at 100%
CC each at 140 g a.i./ha. The lowest yields of 6200 to 6500 kg/ha were observed from the
untreated check and following applications at one week before 50% followed by one week after
100% CC.
Based on this study, two applications of prohexadione calcium in one week at 100% CC
could be a viable option for management of excessive vine growth if the recommended timing of
one application at 50% VT followed by one application at 100% VT is missed. Decreased peanut
yield following application timings of one week before 50% followed by one week after 100%
CC could indicate that there was too much time elapsed between applications or allowed
excessive vegetative growth and reduced reproductive growth were present
Previous research has demonstrated yield increases from 7 to 16% following application
of prohexadione calcium (Mitchem et al., 1996; Culpepper et al., 1997). Other research has
shown yield following prohexadione calcium application increased from 160 to 220 kg ha-1
(Jordan et al., 2002; Beam et al., 2008). A decrease in pod loss regardless of digging date has
also been observed following prohexadione calcium application (Beam et al., 2002).
In 2021, prohexadione calcium application timing and rate had no effect on plant weight
(46-55g), pod loss/m2 (3.9-4.7), or pod weight per plant (23-29g). One prohexadione calcium
application at 50% CC followed by one application at 100% CC, both at 140 g a.i./ha, resulted in
the greatest pod count per plant at 21 while two applications in one week at 100% CC resulted in
12

the lowest pod count at 16 per plant. The highest yield of 7300 kg/ha was observed following a
single prohexadione calcium application at 140 g a.i. ha-1 at 100% CC. Yields following two
applications in one week at 100% CC and 280 g a.i./ha at 100% CC resulted in lowest the yields
at 6800 kg/ha and 7000 kg/ha, respectively. Yield following the label recommendation of one
application at 50% CC followed by one application at 100% CC both at 140 g a.i./ha as well as
70 g a.i./ha applied at 50% CC were similar to yield of the untreated check. Yield increases
following application of prohexadione calcium in previous research ranged from 453 to 731
kg/ha regardless of rate (Monfort et al., 2021; Studstill et al., 2020). Other research has shown
yield following prohexadione calcium application increased from 160 to 220 kg/ha (Beam et al.,
2008; Jordan et al., 2002). Similar to the findings of this study, other research has demonstrated
reduced yield following prohexadione calcium application at 280 g a.i./ha at row closure
(Mitchem et al., 1996).
Based on the 2021 study, prohexadione calcium application at 70 g a.i. at 50% CC or 140
g a.i./ha at 100% CC is a feasible alternative if recommended timing and rate are not possible.
Two applications in one week at 100% CC and application at 280 g a.i.ha at 100% CC resulted in
the lowest yield. Decreased peanut yield following applications at 280 g a.i./ha at 100% CC and
two applications in one week at 100% CC at 140 g a.i./ha could indicate over application
prohexadione calcium resulting in reduced yield. Therefore, increasing prohexadione calcium
rate or timing due to a missed application should be avoided.
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Table 4

Effect of prohexadione calcium application timing on peanut growth and yield pooled over environment in Mississippi in
2020.

Prohexadione calcium
application timing

Plant weight
____ ____

g

Pod loss
_

pods/m2_
5.4
a

Pod
weight/plant
______ ______
g
27
a

Pod count
___

#/plant___
21
a

Untreated Check
54
aa
50% canopy Closure + 100%
60
a
5.9
a
32
a
26
canopy closureb
One week before 50% canopy
closure + one week after100%
65
a
6.5
a
32
a
25
canopy closure
Two applications in one week at
69
a
5.5
a
34
a
26
100% canopy closure
One week before 50% canopy
closure + one week before 100%
60
a
5.8
a
31
a
23
canopy closure
P value
0.46
0.88
0.54
0.29
* Untreated check
** Labeled recommendation
a
Means within the same column followed by the same letter are not significantly different (α ≤ 0.05
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Yield
_____

kg/ha_____
6200
b

a

6700

a

a

6500

ab

a

6900

a

a

6700

a

0.026

Table 5

Effect of prohexadione calcium application timing and rate on peanut growth and
yield pooled over environment in Mississippi in 2021.

Prohexadione calcium
application timing &
rate

Plant
weight
____ _____

g
54

Pod loss

Pod
weight/plant

Pod count

_______ _______

___

__

pods/m2__
4.6
a

g

#/plant__
19
ab

Yield
_____

kg/ha____
7200
ab

Untreated Check
aa
27
a
50% canopy closure +
55
a
4.7
a
27
a
21
a
7100
ab
100% canopy closureb
70 g a.i./ha at 50%
50
a
4.1
a
25
a
18
ab
7100
ab
canopy closure
140 g a.i. at 100%
49
a
3.9
a
29
a
17
ab
7300
a
canopy closure
280 g a.i. at 100%
57
a
4.0
a
26
a
19
ab
7000
b
canopy closure
Two applications in
one week at 100%
46
a
4.0
a
23
a
16
b
6800
b
canopy closure
P value
0.56
0.70
0.79
0.031
0.043
* Untreated check
** Labeled recommendation
a
Means within the same column followed by the same letter are not significantly different (α ≤
0.05)
Conclusion
The objectives of this research were to determine if applying prohexadione calcium to
peanut at timings and rates that differ from the labelled recommendation will affect runner-type

peanut growth and yield. Neither varying application timing nor rate resulted in peanut yield that
was different than when adhering to the label recommendations. Also noteworthy, only one
prohexadione application treatment, two applications of 140 g a.i. within one week at 100% CC,
resulted in different yield than the non-treated control. Therefore, runner-type peanut growers
who apply prohexadione calcium can be more flexible in the application of this growth regulator
than the label recommends without fear of sacrificing yield.
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CHAPTER II
BROADLEAF SIGNALGRASS (UROCHLOA PLATAPHYLLA) AND AMARANTHUS
SPECIES RESPONSE TO INCREASING SITES OF ACTION IN
COTTON HERBICIDE PROGRAMS
Abstract
Herbicide resistance has become more common with the overuse of herbicide programs
based on a single site of action (SOA). The use of multiple SOAs is recommended to prevent the
development of herbicide resistance. The objective of this research was to determine the
minimum number of SOAs to effectively manage broadleaf signalgrass (Urochloa platyphylla)
and Amaranthus species in cotton. Experiments were conducted at 2 different sites, the R. R.
Foil Plant Science Research center, Mississippi State, MS and the Black Belt Experiment Station
near Brooksville, MS in 2020 and 2021. Broadleaf signalgrass and Amaranthus species control
were evaluated following application of up to 13 SOAs when applied PRE, PRE + EPOST, PRE
+ EPOST + MPOST, and PRE + EPOST + MPOST + layby. An untreated check was included in
all experiments. The suggested number of SOAs within a herbicide program to fully manage
weeds in cotton in MS is 5 to 6. During this experiment, broadleaf signalgrass control from 7 to
28 days after application was optimized one SOA PRE, four SOA by EPOST, three SOA by
MPOST, and three by 8 to 10 nodes. The minimum number of SOAs needed to control
Amaranthus species from 14 to 21 days after application was one PRE and two by EPOST,
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MPOST, and by 8 to 10 nodes. Based on this experiment, the addition of more SOAs to current
suggested practices is not necessary.
Introduction
The introduction of herbicide resistant crops has allowed for an over-reliance on one
herbicide site of action (SOA). Roundup Ready® cotton was introduced in 1997, followed by
LibertyLink® + GlyTol® in 2011, and XtendFlex™ and Enlist™ in 2016 (Mueller et al., 2005;
Reed, 2012; USDA-APHIS, 2015; Manuchehri, 2017). Neve (2008 and 2011) found that
repeated applications of glyphosate resulted in herbicide resistance in almost 100% of sampled
Palmer amaranth (Amaranthus palmeri) populations after 4 years. Repeat applications of
glyphosate to junglerice (Echinochloa colona) and barnyardgrass (Echinochloa crus-galli)
resulted in herbicide resistance in 18% and 47%, respectively, of tested populations (Perkins et
al., 2020; Bagavathiannan et al., 2013). Glyphosate resistant Palmer amaranth has been
identified in 29 states including Georgia and North Carolina (2005), Arkansas, Tennessee, and
South Carolina (2006), New Mexico (2007), Alabama, Missouri, and Mississippi (2008)
(Culpepper et al., 2006; Culpepper et al., 2008; Sosnoskie & Culpepper, 2014; Heap, 2022).
Due to decreased glyphosate efficacy on Palmer amaranth, reliance on other herbicides
such as 2,4-D, dicamba, glufosinate, and PPO-inhibiting herbicides resulted in further herbicide
resistant Palmer amaranth (Salas et al., 2016; Kumar et al., 2019). Development and
proliferation of glyphosate resistant weed species increased the need for diverse herbicide
programs to prevent further development of herbicide resistant weeds.
Herbicide resistance in Palmer amaranth developed as follows: glyphosate in 2004, 2,4-D
in 2018, S-metolachlor in 2018, dicamba in 2019, and glufosinate in 2020 (Culpepper et al.,
2006; Kumar et al., 2019; Brabham et al., 2019; Norsworthy and Barber, unpublished data,
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2020). With herbicides applied to 93% of cotton acreage (USDA-NASS, 2020), diverse
herbicide programs with multiple SOAs are integral for sustainable weed management programs.
Burke et al. (2003) identified broadleaf signalgrass (Urochloa platyphylla) as a serious
weed in the southeastern United States. Broadleaf signalgrass has since been listed among the
top 10 troublesome weeds in cotton, corn, soybean, and peanut in Alabama, Florida, Kentucky,
Louisiana, North Carolina, South Carolina, Tennessee, Texas, and Mississippi (Burke et al.,
2003). Yield reductions of 14, 28, and 69% was identified as a result of broadleaf signalgrass
populations of 8, 16, and 1050 plants 10m-1, respectively, or less than 150 plants m-2 (Chamblee
et al., 1982; Alford et al., 2005).
Norsworthy et al. (2012) suggested that using herbicides with different SOAs can delay
the development of herbicide resistance. Palmer amaranth control following sequential
applications of glyphosate and glufosinate was 88 to 100% compared to control following
glyphosate applied alone (64 to 91%). Fluridone plus fluometuron applied PRE followed by a
POST treatment of dicamba plus dicamba resulted in 82 to 88% Palmer amaranth control
compared to less than 66% Palmer amaranth control with fluometuron applied alone (Grichar et
al., 2020). Diggle et al. (2002) also suggested that the use of several herbicide SOAs can reduce
the probability of herbicide resistance developing. Previous research regarding optimal number
of SOA needed to maximize weed control and minimize further onset of herbicide resistance is
lacking. Therefore, objective of this research was to determine the minimum number of SOAs to
effectively manage broadleaf signalgrass and Amaranthus species in cotton.
Materials and Methods
In 2020 and 2021, studies were conducted at the R. R. Foil Plant Science Research Center
at Mississippi State, MS and at the Black Belt Experiment Station near Brooksville, MS.
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Herbicide treatments were determined by adding or removing herbicides from a baseline
program established from weed control guidelines in MS (Anonymous, 2021). This baseline
herbicide program consisted of fluometuron at 1800 g a.i. ha-1 (Cotoran®, ADAMA, 3120
Highwoods Blvd., Suite 100, Raliegh, NC 27604) and fluridone at 168 g a.i. ha-1 (Brake®,
SePRO, 11550 North Meridian St., Suite 600, Carmel, IN 46032) applied PRE followed by
dicamba at 560 g a.e. ha-1 plus S-metolachlor at 1,120 g a.i. ha-1 (Tavium®, Syngenta, P.O. Box
18300, Greensboro, NC 27419) early-postemergence (EPOST) followed by glufosinate at 600 g
a.i. ha-1 (Liberty® 280 SL, BASF, 26 Davis Drive, Research Triangle Park, NC 27709) and
dimethenamid-P at 840 g a.i. ha-1 (Outlook®, BASF, 26 Davis Drive, Research Triangle Park,
NC 27709) mid-postemergence (MPOST) followed by a layby application of diuron at 840 g a.i.
ha-1 (Direx® 4L, ADAMA, 3120 Highwoods Blvd., Suite 100, Raleigh, NC 27604) and
glyphosate at 840 g a.e. ha-1 (Roundup PowerMAX®, Bayer Crop Science, 800 N. Lindbergh
Blvd., St. Louis, MO 63167) (Table 6). Preemergence applications were applied immediately
following planting, EPOST applications were applied at the 2-3 leaf stage, MPOST applications
were made at the 4-6 leaf stage, and layby applications were made at the 8- to10-node stage
(Table 7).
Treatments were arranged in a randomized complete block design with four replications.
Each experimental unit consisted of four 97 cm raised bed rows that were 9.1 m in length. Cotton
variety, DP 1646 B2XF, was seeded at 111,150 seeds ha-1 at approximately 2.5 cm deep. Cotton
seed were treated with metalaxyl, pyraclostrobin, tioxazafen, fluxapyroxad, imidacloprid,
myclobuanil, acephate, clothianidin, Bacillus fimus I-1582, and ipconazole (Acceleron®, Bayer
Crop Science, 800 N Lindbergh Blvd., St. Louis, MO 63167). Herbicide treatments, except layby
applications, were applied to the center two rows of each experimental unit with four-nozzle
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CO2-pressurized backpack-sprayer calibrated to deliver 140 L ha-1 at 276 kPa using AIXR
11002 (Teejet®, 1801 Business Park Dr, Springfield, IL 62703) nozzles. Layby applications
were made utilizing 11002E (Teejet®, 1801 Business Park Dr, Springfield, IL 62703) nozzles to
apply between rows and OC 11001 (Teejet®, 1801 Business Park Dr, Springfield, IL 62703)
nozzles to apply beneath canopy. 135 kg ha-1 of nitrogen was applied in a split application with
half applied pre-plant and half side-dressed prior first bloom. Cotton was defoliated with S, S, STributyl phosphorotrithioate (Folex, AMVAC Chemical Corporation, Los Angeles, CA) at 1.26
kg ai ha-1, ethephon (Boll Buster, Loveland Products, Inc., Greeley, CO) at 0.278 kg ai ha-1, and
carfentrazone (Aim FMC Corporation, Philadelphia, PA) at 0.0263 g ai ha-1 at 60% boll open. A
spindle picker modified for small plot research was utilized to harvest the center two rows of
each plot.
Data collection consisted of visual evaluation of broadleaf signalgrass and Amaranthus
species control at 14- and 21-days following PRE applications, 7-, 14-days following EPOST
and MPOST, and 7-, 14-, 21-, and 28-days following layby. Evaluations were made on a visual
scale of 0-100% control where 0% = no control and 100% = complete control. Data were
subjected to an analysis of variance using PROC GLIMMIX in SAS 9.4 where site year and
replication were treated as random effects and herbicide treatment was treated as a fixed effect.
Means were separated using Fisher’s protected least significant difference (LSD) at α=0.05.
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Table 6

Herbicide treatments to investigate effect of increasing herbicide sites of action on
weed control.
EPOST (2-3 lf)

MPOST (4-6 lf)

glufosinate
fluometuron

glufosinate
glufosinate
glufosinate + Smetolachlor

glufosinate
glufosinate
glufosinate +
dimethenamid-P

fluometuron +
fluridone

glufosinate + Smetolachlor

glufosinate +
dimethenamid-P

fluometuron +
fluridone

dicamba + Smetolachlor

glufosinate +
dimethenamid-P

diuron

5

fluometuron +
fluridone*

dicamba + Smetolachlor

glufosinate +
dimethenamid-P

diuron +
glyphosate

6

fluometuron +
fluridone

dicamba + pyrithiobac
+S-metolachlor

glufosinate +
dimethenamid-P

diuron +
glyphosate

7

fluometuron +
fluridone

dicamba + pyrithiobac
+S-metolachlor

glufosinate +
pendimethalin

diuron +
glyphosate

8

fluometuron +
fluridone

dicamba + pyrithiobac
+S-metolachlor

glufosinate +
glyphosate +
pendimethalin

diuron +
MSMA

9

fluometuron +
fluridone +
clomazone

dicamba + pyrithiobac
+S-metolachlor

glufosinate +
glyphosate +
pendimethalin

diuron +
MSMA

10

fluometuron +
fluridone +
clomazone

dicamba + pyrithiobac
+ S-metolachlor

glufosinate +
glyphosate +
pendimethalin

diuron +
MSMA +
flumioxazin

11

fluometuron +
fluridone +
clomazone

dicamba + pyrithiobac
glufosinate + MSMA
+ clethodim + S+ pendimethalin
metolachlor

diuron +
glyphosate +
flumioxazin

12

fluometuron +
fluridone +
clomazone

dicamba + pyrithiobac
glufosinate + MSMA
+ clethodim + S+ pendimethalin
metolachlor

diuron +
glyphosate +
flumioxazin +
prometryn

13

fluometuron

* Baseline herbicide program
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LayBy (10 node)

# of
SOAs
1
2

PRE

3
4

Table 7

Planting date and herbicide application dates for all locations
Herbicide application date
Planting
date

PRE

EPOST

MPOST

8-10 node

Harvest

R.R Foil Plant Sci. 2020

22 May

22 May

5 June

15 June

1 August

21 October

Black Belt

2020

22 May

22 May

5 June

19 June

6 August

27 October

R.R Foil Plant Sci. 2021

18 May

18 May

1 June

10 June

15 July

Black Belt

18 May

7 June

22 June

15 July

10 August

Location

Year

2021

22

10
November
15
November

Results and Discussion
The objective of this study was to determine the minimum number of SOAs required to
provide optimal control of broadleaf signalgrass and Amaranthus species control in cotton. The
minimum number of SOA needed for broadleaf signalgrass and Amaranthus species control
based on visual evaluation of control from 7 to 28 days after application (DAA) was one PRE for
both species (Table 7). Fluometuron applied PRE provided 92 to 97% broadleaf signalgrass
control and 99% Amaranthus species control (Table 8).
The minimum number of SOAs needed by EPOST for broadleaf signalgrass and
Amaranthus species control at 7 to 14 DAA was three and two, respectively (Table 9). Broadleaf
signalgrass control 7 and 14 days after EPOST application was optimized at three SOAs with
fluometuron applied PRE followed by glufosinate + S-metolachlor applied EPOST resulting in
94% broadleaf signalgrass control (Table 9). Amaranthus species control by EPOST was
optimized at two SOAs with fluometuron applied PRE followed by glufosinate applied EPOST
resulting in 99% Amaranthus species control (Table 9).
Amaranthus species control by 7 to 14 days after MPOST application was optimized with
two SOAs with fluometuron applied PRE followed by glufosinate applied EPOST and MPOST
resulted in 99% control (Table 10). Broadleaf signalgrass control 7 to 14 days after MPOST
application was optimized with three SOAs (Table 10). Fluometuron applied PRE followed by
glufosinate + S-metolachlor applied EPOST followed by glufosinate + dimethenamid-P applied
MPOST resulted in 95 to 96% broadleaf signalgrass control.
The addition of herbicide applications at the 8- to 10-node stage did not further increase
broadleaf signalgrass or Amaranthus species control (Table 11). Amaranthus species and
broadleaf signalgrass control was optimized with 3 SOAs by MPOST. Broadleaf signalgrass
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control 7 to 28 days after applications at 8- to 10-nodes was 90 to 99% when utilizing three
SOAs by MPOST (Table 11). Amaranthus species control 7 to 28 days after 8- to 10-node
application was 99% control when utilizing 2 SOAs by MPOST (Table 11).
The current number of SOAs used for season long control in cotton is 5 to 6 based on the
recommended baseline herbicide program (Anonymous, 2021). In this study, two SOAs were
needed to adequately control Amaranthus species, while three were needed to control broadleaf
signalgrass. This indicates that additional SOAs are not needed to provide adequate control of
broadleaf signalgrass and Amaranthus species in cotton.
Applying fluometuron PRE optimized early season weed control of both broadleaf
signalgrass and Amaranthus species. Fluometuron applied PRE provided 87% Palmer amaranth
control, 87% Texas millet (Urochloa texana) control, and 99% smellmelon (Cucumis melo)
control (Grichar et al., 2020). The addition of fluridone did not increase weed control compared
to fluometuron alone applied PRE which provided at least 97% control of both broadleaf
signalgrass and Amaranthus species. Fluometuron + fluridone applied PRE did not affect Texas
millet or smellmelon control when compared to fluometuron applied alone (Grichar et al., 2020).
Fluometuron applied PRE was adequate for early season control and when followed by a POST
application and layby application (Burke and Wilcut, 2004). Glufosinate alone applied PRE did
not provide adequate control of either broadleaf signalgrass or Amaranthus species, likely due to
decreased action on grasses, and weed size at the time of application or the lack of residual
control of glufosinate.
Application of one SOA for both PRE and EPOST did not optimize early season weed
control of broadleaf signalgrass or Amaranthus species. The addition of another SOA at the
EPOST timing increased Palmer amaranth control to at least 98% regardless of PRE herbicide
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(Burke and Wilcut, 2004; Grichar et al., 2020). In this study, least two SOAs by the EPOST
timing were needed to fully control weed species (Table 8).
Broadleaf signalgrass control was optimized when using three SOAs by EPOST
application. Broadleaf signalgrass control following application of either fluometuron +
fluridone followed by glufosinate + S-metolachlor was 94% (Table 8).
Currently, 5 to 6 SOA applied throughout the growing season are suggested to effectively
manage weeds in MS cotton while minimizing selection pressure and herbicide resistance
(Anonymous, 2021). In this study, weed control was optimized at two SOAs for Amaranthus
species and four SOAs for broadleaf signalgrass. Additional sites of action are not necessary to
maximize Amaranthus species and broadleaf signalgrass control.
Table 8

Amaranthus species and broadleaf signalgrass (Urochloa platyphylla) control
response to increasing herbicide sites of action in PRE herbicide applications
Amaranthus speciesa

PRE Treatment

# of
SOAs

glufosinate

14 DAT

21 DAT

---------------%--------------77 (b)

78 (b)

Broadleaf signalgrass controla
14 DAT

21 DAT

---------------%--------------71 (b)

65 (b)

1
fluometuron

99 (a)

99 (a)

97 (a)

92 (a)

fluometuron +
fluridone

2

99 (a)

98 (a)

95 (a)

94 (a)

fluometuron +
fluridone +
clomazone

3

99 (a)

98 (a)

98 (a)

97 (a)

<.0001

<.0001

<.0001

<.0001

P value

Means within the same column followed by the same letter are not significantly different (α ≤
0.05)
a
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Table 9

Amaranthus species and broadleaf signalgrass (Urochloa platyphylla) control response to increasing herbicide sites of
action in PRE and EPOST herbicide applications

PRE Treatment

EPOST Treatment

# of SOAs

Amaranthus speciesa
7 DAT
14 DAT
---------------%--------------78 (b)
65 (b)

Broadleaf signalgrass controla
7 DAT
14 DAT
---------------%--------------76 (b)
50 (c)

glufosinate

glufosinate

1

fluometuron

glufosinate

2

99 (a)

99 (a)

95 (a)

74 (b)

glufosinate + Smetolachlor

3

99 (a)

99 (a)

94 (a)

94 (a)

97 (a)

97 (a)

98 (a)

98 (a)

99 (a)

99 (a)

93 (a)

91 (a)

5

99 (a)

99 (a)

96 (a)

92 (a)

6

99 (a)

99 (a)

97 (a)

95 (a)

7

99 (a)

99 (a)

98 (a)

98 (a)

P value
<.0001
<.0001
<.0001
Means within the same column followed by the same letter are not significantly different (α ≤ 0.05)

<.0001

fluometuron +
fluridone

glufosinate + Smetolachlor
4
dicamba + Smetolachlor

fluometuron +
fluridone +
clomazone

a

dicamba +
pyrithiobac + Smetolachlor
dicamba +
pyrithiobac + Smetolachlor
dicamba +
pyrithiobac +
clethodim + Smetolachlor
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Table 10

Amaranthus species and broadleaf signalgrass (Urochloa platyphylla) control response to increasing herbicide sites of
action in PRE, EPOST, and MPOST herbicide applications
Amaranthus speciesa
7 DAT
14 DAT
---------------%--------------87 (b)
78 (b)

Broadleaf signalgrass
controla
7 DAT
14 DAT
---------------%--------------80 (c)
74 (c)

PRE
Treatment
glufosinate

EPOST
Treatment
glufosinate

MPOST
Treatment
glufosinate

fluometuron

glufosinate

glufosinate

2

99 (a)

99 (a)

91 (b)

87 (b)

glufosinate +
S-metolachlor

glufosinate +
dimethenamid-P

3

99 (a)

99 (a)

96 (a)

95 (a)

glufosinate +
S-metolachlor

glufosinate +
dimethenamid-P

4

98 (a)

99 (a)

98 (a)

97 (a)

dicamba + Smetolachlor

glufosinate +
dimethenamid-P

5

99 (a)

99 (a)

96 (a)

96 (a)

glufosinate +
dimethenamid-P

6

99 (a)

99 (a)

97 (a)

97 (a)

glufosinate +
pendimethalin

7

99 (a)

99 (a)

97 (a)

97 (a)

glufosinate +
glyphosate +
pendimethalin

8

99 (a)

99 (a)

95 (ab)

94 (a)

fluometuron +
fluridone

dicamba +
pyrithiobac +
S-metolachlor

# of SOAs
1
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Table 10 (continued)
Amaranthus speciesa
PRE
Treatment
fluometuron +
fluridone +
clomazone

a

EPOST
Treatment
dicamba +
pyrithiobac +
S-metolachlor
dicamba +
pyrithiobac +
clethodim + Smetolachlor

MPOST
Treatment
glufosinate +
glyphosate +
pendimethalin
glufosinate +
MSMA +
pendimethalin

# of SOAs

7 DAT
14 DAT
----------%---------

Broadleaf signalgrass
controla
7 DAT
14 DAT
----------%---------

9

99 (a)

99 (a)

98 (a)

98 (a)

10

99 (a)

99 (a)

99 (a)

99 (a)

<.0001

<.0001

P value
<.0001
<.0001
Means within the same column followed by the same letter are not significantly different (α ≤ 0.05)
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Table 11

Amaranthus species and broadleaf signalgrass (Urochloa platyphylla) control response to increasing herbicide sites of
action in PRE and EPOST herbicide applications

PRE
Treatment

EPOST
Treatment

MPOST
Treatment

glufosinate

glufosinate

glufosinate

1

79 (b) 78 (b) 63 (b) 59 (b) 74 (c) 63 (b) 70 (b) 62 (b)

fluometuron

glufosinate

glufosinate
glufosinate +
dimethenamidP
glufosinate +
dimethenamidP
glufosinate +
dimethenamidP

2

99 (a) 99 (a) 99 (a) 99 (a) 84 (b) 99 (a) 75 (b) 72 (b)

3

99 (a) 99 (a) 99 (a) 99 (a) 95 (a)

99 (a)

96 (a)

90 (a)

4

99 (a) 99 (a) 99 (a) 99 (a) 98 (a)

99 (a)

97 (a)

96 (a)

diuron

5

99 (a) 99 (a) 99 (a) 99 (a) 96 (a)

99 (a)

99 (a)

97 (a)

diuron +
glyphosate

6

99 (a) 99 (a) 99 (a) 99 (a) 96 (a)

99 (a)

97 (a)

96 (a)

diuron +
glyphosate

7

99 (a) 99 (a) 99 (a) 99 (a) 97 (a)

99 (a)

99 (a)

99 (a)

diuron +
glyphosate

8

99 (a) 99 (a) 99 (a) 99 (a) 98 (a)

99 (a)

99 (a)

99 (a)

diuron +
MSMA

9

99 (a) 99 (a) 99 (a) 99 (a) 95 (a)

99 (a)

98 (a)

98 (a)

glufosinate +
S-metolachlor
fluometuron + glufosinate +
fluridone S-metolachlor
dicamba + Smetolachlor

dicamba +
glufosinate +
pyrithiobac + dimethenamidS-metolachlor
P
glufosinate +
pendimethalin
glufosinate +
glyphosate +
pendimethalin

Layby
Treatment

Amaranthus species controla Broadleaf signalgrass controla
7
14
21
28
14
21
28
#
7 DAT
DAT DAT DAT DAT
DAT DAT DAT
of
SOAs ------------------%--------------- ------------------%----------------
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Table 11 (continued)

PRE
Treatment

EPOST
Treatment

MPOST
Treatment

fluometuron + dicamba +
glufosinate +
fluridone + pyrithiobac + glyphosate +
clomazone S-metolachlor pendimethalin

Layby
Treatment

Amaranthus species controla Broadleaf signalgrass controla
7
14
21
28
14
21
28
7 DAT
# of DAT DAT DAT DAT
DAT DAT DAT
SOAs ------------------%--------------------------------%--------------------

diuron +
MSMA

10

99 (a) 99 (a) 99 (a) 99 (a) 99 (a)

99 (a)

98 (a)

97 (a)

diuron +
MSMA +
flumioxazin

11

99 (a) 99 (a) 99 (a) 99 (a) 97 (a)

99 (a)

99 (a)

97 (a)

dicamba +
glufosinate +
diuron +
pyrithiobac +
MSMA +
glyphosate +
clethodim +
pendimethalin flumioxazin
S-metolachlor

12

99 (a) 99 (a) 99 (a) 99 (a) 98 (a)

99 (a)

99 (a)

95 (a)

diuron +
glyphosate +
flumioxazin +
prometryn

13

99 (a) 99 (a) 99 (a) 99 (a) 99 (a)

99 (a)

99 (a)

99 (a)

<.000 <.000
<.0001 <.0001 <.0001 <.0001 <.0001 <.0001
1
1
a
Means within the same column followed by the same letter are not significantly different (α ≤ 0.05)
P value
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Conclusion
The objective of this study was to determine the minimum number of SOAs required to
control Amaranthus species and broadleaf signalgrass as part of a resistance management
program in cotton. Five or six SOAs are currently recommended for season long weed control
programs in MS (Anonymous, 2021). In this study broadleaf signalgrass and Amaranthus species
control was optimized at four SOAs and two SOAs, respectively. Based on this study, the current
recommendation of additional SOAs will not result in increased weed control.
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